Abstract. It has been widely reported that the serum anion gap is significantly associated with mortality in intensive care unit (ICU); however, it remains unknown whether the association is present in aortic aneurysm (AA) patients. The present study aimed to investigate the association between the admission serum anion gap and ICU mortality in AA patients. Data extracted from a publicly accessible clinical database using a modifiable data mining technique were analyzed retrospectively, mainly by employing multivariable logistic regression analysis. The primary study outcome was ICU mortality. A total of 273 patient records were analyzed. The ICU mortality was 8.79% (24/273). The median serum anion gap was significantly higher in non-survivors [17.50 mEq/l, interquartile range (IQR) 15.75-22.50 mEq/l] compared with survivors [13.00 mEq/l, IQR 11.00-15.00 mEq/l, P<0.001]. Multivariate analysis resulted in identification of a clear association between admission serum anion gap and ICU mortality in AA patients [odds ratio (OR) 1.38 per 1 mEq/l increase, 95% confidence interval (CI) 1.08-1.76]. The area under the receiver operating characteristic curve showed an outstanding discrimination ability in predicting ICU mortality (area under curve 0.8513, 95% CI 0.7698-0.9328).
Introduction
Aortic aneurysm (AA), defined as an enlargement of the aorta to greater than 1.5 times normal size (1) is usually asymptotic, but when rupture occurs, this may lead to internal bleeding, shock and mortality, unless treated immediately (2) . Although AA is rather rare with an incidence of approximately 10 per 100,000 for thoracic aortic aneurysm (ΤΑΑ) (3) and 55-298 per 100,000 for abdominal aortic aneurysm (AAA) (4) , the burden of the disease is heavy and may be underestimated (5) (6) (7) . Given the high total mortality estimated at 80-100% for ruptured AA (8, 9) , the best way to reduce the overall mortality of the disease may be to detect and treat it prior to rupture. In fact, many predictors or predictive models of mortality risk in AA patients have been reported (10) (11) (12) (13) (14) , but further validation is required. Herein, we focused on AA patients in intensive care unit (ICU) and investigated the predictive value of serum anion gap on ICU mortality, a routine clinical indicator which has been reported to be associated with mortality of several diseases (15) (16) (17) (18) . Although a few studies have reported the association between anion gap with ICU mortality (19, 20) , to the best of our knowledge, no research to date has specially investigated the association in AA patients admitted to ICU. Considering the extremely low incidence of AA, we performed a retrospective analysis on a large publicly accessible clinical database, hoping to clarify the association between anion gap and ICU mortality.
Patients and methods
Database introduction. The retrospective analysis was conducted using data from the Medical Information Mart for Intensive Care III (MIMIC-III) database (version 1. Study design. Adult patients (age ≥18 years old) with first hospital admission and first ICU admission were considered for inclusion. AA patients were selected according to their primary diagnoses based on ICD-9 codes (4412-4415, and 4419), and patients with a length of ICU stay less than 24 h or a missing value of admission serum anion gap were excluded. We used the codes from the MIMIC Code Repository (https://github.com/MIT-LCP/mimic-code) (22) to extract data from the database. Variables were extracted or calculated including admission serum anion gap (item ID=50868 in the database, detected within 24 h after ICU admission), severity scores including SOFA (23) and APACHE III (24) , sepsis defined by ICD-9 codes (99592 and 78552), sepsis defined by Angus criteria (25) and comorbidities (26) based on ICD-9 codes. For patients >89 years old, date of birth had been shifted to exactly 300 years before by the database to obscure age, therefore this was corrected (age-300+89) prior to analysis. No informed consent was required as the data were anonymized.
Outcomes. ICU mortality was chosen as the primary study outcome before analysis. Hospital mortality, length of ICU stay, and length of hospital stay were also calculated. Although only patients of first hospital admission were included, it is possible for a patient to be transferred from one type of ICU to another. In this case, the primary outcome ICU mortality and length of ICU stay were determined only by the first ICU stay. Apart from statistical description, only the primary outcome was analyzed further.
Statistical analysis. Data are presented as median and interquartile range (IQR) for continuous variables and numbers and percentages for categorical variables. Kruskal Wallis and Chi-square (or Fisher's exact) tests were used to analyze continuous and categorical variables, respectively. Relationship between admission serum anion gap and ICU mortality was explored using the smoothing plot with an adjustment for potential confounders (age, sex, and SOFA were selected before analysis). A two-piecewise linear regression model was applied to examine the threshold effect of admission serum anion gap on ICU mortality according to the smoothing plot. Factors associated with ICU mortality were evaluated by univariate logistic analysis and variables that showed statistically significant association with ICU mortality in the univariate analysis (P<0.05) were included in the multivariable logistic regression model, but variables with missing values >10% were excluded. Considering that there was a certain overlap in the two severity scores and sepsis based on different criteria, we only selected SOFA and sepsis based on ICD-9 codes to be enrolled in the multivariable analysis if the variables were statistically significant in the univariate analysis. If a nonlinear relationship and a threshold effect were found in the previous analysis, then the subjects were stratified according to the threshold level and the logistic analysis was repeated. Receiver operating characteristic (ROC) curves were constructed and the area under the ROC curve (AUC) was calculated to evaluate the predictions. Consistency of the results in several subgroups was also explored using logistic regression models. To maximize statistical power and minimize potential bias that may have occurred if variables with missing values >10% were excluded from analyses, missing values of continuous and categorical covariates in outcome analysis were handled using multiple imputation with 5 imputed data sets, and results were pooled according to Rubin's rules (27) . A multivariable analysis was also performed after excluding patients with ruptured AA. A P-value of <0.05 was considered statistically significant. Empower(R) (www.empowerstats.com; X&Y solutions, Inc., Boston, MA, USA) and R software, version 3.4.3 (http://www.r-project.org) were used for all statistical analyses.
Results

Population and baseline characteristics.
A total of 273 patients were included and analyzed ( Fig. 1 ). The number of missing values for all variables are presented in Table I . As shown in Table II , non-survivors had significantly higher SOFA and APACHE (P<0.001). Furthermore, they were more likely to suffer from sepsis and require renal replacement therapy in first day. A significantly lower admission serum anion gap was observed in survivors (P<0.001).
Association between serum anion gap on admission and ICU mortality. Further analysis indicated that admission serum anion gap increased with increased ICU mortality when patients were stratified according to serum anion gap levels on admission (Table III) , but no significant nonlinear relationship or threshold effect between them were observed ( Fig. 2 and Table IV) . After adjustment for potential confounders according to the univariate analysis (presented in (Table VI) . As shown in Fig. 3 , AUC of serum anion gap for discrimination of survivors and non-survivors was 0.8513 (95% CI, 0.7698-0.9328), which suggested its potentially efficient predictive role in ICU mortality for AA patients.
Subgroup analysis. The results of the stratified and interaction analyses of the association between admission serum anion gap and ICU mortality are presented in Fig. 4 and Table VII . The association appeared to be similar when compared with the results of the multivariable analysis shown in Table VI . A Table IV . Threshold effect analysis of anion gap on ICU mortality using piecewise linear regression. significant interaction (P<0.05) was found among subgroups of tertile of hemoglobin. P-values for interactions were calculated with the use of likelihood-ratio tests comparing logistic regression models (after adjusting for age, sex and SOFA) with and without cross-product terms for each level of baseline stratifying variables, with admission serum anion gap as an explanatory variable. Detailed data are shown in Table VII . ICU, intensive care unit; OR, odds ratio; CI, confidence interval.
Sensitive analysis. The imputation of missing variables did not affect the results (Table VIII) , which were virtually unchanged (<10%) after excluding ruptured AA patients (Table IX and X) .
Discussion
The present study examined for the first time the predictive value of serum anion gap on ICU mortality in AA patients, and the results suggested that the risk of ICU mortality may increase by 38% per 1 mEq/l increase in admission serum anion gap. Many studies have explored the relationship between anion gap and clinical outcomes of critically ill patients. In fact, as early as 1987, Shackleton et al (14) noted that an elevation of the unmeasured anion gap was significantly and independently associated with mortality for ruptured AAA patients. Grist and Thomas (28) reported that anion gap is a risk factor in long-term extracorporeal support. Kim et al (19) found a similar association in a pediatric ICU. However, Rocktaeschel et al (29) concluded that unmeasured anions, irrespective of the calculated methods, were not practical predictors of hospital mortality in critically ill patients. In addition, the use of anion gap for risk stratification in critically ill patients is not supported for the significant statistical heterogeneity according to a recent systematic review and meta-analysis conducted by Glasmacher and Stones (20) . Considering the urgent need for a practical and useful predictive model of AA (30) , which is notorious for high mortality, it is essential to keep exploring predictors of clinical outcomes for AA patients. As anion gap is routinely determined in all patients admitted to ICU and there is no extra cost for this potential beneficial test, a study that specifically focused on AA patients was necessary, given the extremely low incidence of AA. The results of our study validated the association between serum anion gap and ICU mortality, which was in accordance with most previous studies (20) , suggesting that serum anion gap may serve as a mortality predictor for AA patients in ICU. The AUC of anion gap was similar to the SOFA and APACHE III values in our study. As anion gap is a traditional tool used to assess acid-base status, most previous studies usually attribute the association to acid-base disorders, which contribute significantly to morbidity and mortality in critically ill patients (31).
Taylor et al (32) reported that anion gap is independently associated with higher blood pressure, which is associated with negative outcomes for AA patients (33) , thus the underlying mechanism requires further research.
Several limitations of our study should be noted. First, although hypoalbuminemia could affect its interpretation, anion gap was not corrected for serum albumin level in our study as most subjects analyzed lacked albumin records. Second, although attempts were taken to control bias and confounders, many other known or unknown factors may still exist and have contributed to bias. For example, although we took into consideration fluid and electrolyte disorders (identified by ICD-9 codes) as a potential confounder, the quantities and types of intravenous infusion fluids before ICU admission may have affected the value of serum anion gap on ICU admission. Other potential confounders including smoking status, diameters of the aorta, and surgical procedures were not considered in the study. In addition, given the observational nature of our study, it is not possible to conclude that the relationship between admission serum anion gap and ICU mortality reflects cause and effect.
In summary, the present retrospective observational study provided confirmation of the association between serum anion gap on admission and ICU mortality of AA patients. However, further prospective clinical studies are still required, particularly to explore the potential value of anion gap in improving various predictive models for ICU outcomes. 
